Abstract-This paper proposes a novel method for superheat and capacity control of refrigeration systems. A new low order nonlinear model of the evaporator is developed and used in a backstepping design of a nonlinear controller. The stability of the proposed method is validated theoretically by Lyapunov analysis and experimental results shows the performance of the system for a wide range of operating points. The method is compared to a conventional method based on a thermostatic superheat controller.
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I. INTRODUCTION
The basic components in a refrigeration system are expansion valve, evaporator, compressor and condenser. One of the key variables that greatly effects the efficiency of the system, is the filling of the evaporator. The filling is indirectly measured by the superheat defined as the difference between the outlet temperature of the gas and the evaporation temperature. Conventionally the superheat is controlled by adjusting the opening degree of the expansion valve. To utilize the potential of the evaporator to its maximum the filling should be as high as possible, i.e. the superheat should be kept as low as possible. This is a common control strategy and examples can be found in [8] , [7] and [9] . However the fact that the superheat is highly nonlinear depended on the point of operation, the evaporator design and the characteristic of the expansion valve, limits the obtainable performance with standard PID controllers. Previously work by [4] and [6] has proved that gain scheduling is a way to handle these gain variations. In a refrigeration system with variable speed compressor controlling the suction pressure and an expansion valve controlling the superheat the effect of cross coupling between the loops (hunting) may lead to instability or unacceptable performance, as described in [11] . Motivated by these difficulties, this paper proposes a novel approach to a model-based superheat and capacity control. As for the conventional controller the new control strategy controls the superheat temperature by the the opening degree of the expansion valve and the suction pressure by the compressor speed. Based on a develloped low order nonlinear model, with refrigerant flow and compressor speed as input and superheat temperature and suction pressure as output, a method based on backstepping is used for the controller design. Because backstepping design is based on Lyapunov stability, the controller is stable with a nerly perfect decoubling between capacity and superheat temperature for resonable coice of gains in the controller. Experiments on a test system shows an excellent performance both during startup and for variation of coling capacity by step change of the compressor speed between minimum and maximum. The new controller is also compared to a conventional controller based on a thermostatic expansion valve (TXV) for controlling of the superheat.
II. SYSTEM DESCRIPTION
The test system fig. 1 is a simple refrigeration system with water circulating through the evaporator. The heat load on the system is maintained by an electrical water heater with an adjustable power supply for the heating element. The compressor, the evaporator fan and the condenser pump are equipped with variable speed drives so that the rotational speed can be adjusted continuously. The system is furthermore equipped with an electronic expansion valve that enables a continuous variable opening degree. The system has temperature and pressure sensors on each side of the components in the refrigeration cycle. Mass flow meters measures the mass flow rates of refrigerant in the refrigeration cycle and water on the secondary side of the evaporator. Temperature sensors measure the inlet and outlet temperature of the secondary media on respectively the evaporator and the condenser. The applied power to the condenser fan and the compressor is measured. Finally the entire test system is located in a climate controlled room, such that the ambient temperature can be regulated. For data acquisition and control the XPC toolbox for SIMULINK is used.
III. MODELING AND VERIFICATION

A. Model overview
A detailed model for an evaporator based on the conservation equations of mass, momentum and energy on the refrigerant, air and tube wall. This leads to a numerical solution of a set of differential equations discretized into a finite difference form, see [5] . This model gives very detailed information to the control designer comparable to the real system. This means that it is useful for testing of controllers, but due to the high complexity not for design of new control principles.
A simpler model may be obtained by using a so called moving boundary model for the time dependent two phase flows and by assuming that spatial variations in pressure are negligible, wich means that the momentum equation is no longer necessary. The numerical solution may describe the system quite well and results are shown in [2] and [3] . The moving boundary model is very general and may be fitted to most evaporator types.
By simplifing of the moving boundary model further a very simple nonlinear model describing the dominating time "constant" and the nonlinear behavior between input and output is obtained. The gain and time constant variations as a function of the inputs and disturbances are expressed analytically. Following approximations made are
• fluid flow is one-dimensional • spatial variations in pressure are negligible • axial conduction is negligible • cross sectional area of flow stream is constant • the heat transfer coefficient from water to wall is small compared to the heat transfer coefficient from wall to boiling refrigerant
• the energy for super heating the gas is negligible compared to the energy for evaporating the refrigerant
• the heat capacity of the wall between water and refrigerant is considered to be negligible. 
B. Energy and mass balance two phase section
The mass and energy of the two phase section are given by
where it is assumed that the work associated with the rate of change of pressure with respect to time is negligible. From (1) the following relation is obtained
If it is furtherly assumed that void fraction γ e is constant independent of l e , and variation of h g and h l due to pressure variation is neglected, the following relation is obtaineḋ
The mass and energy balance is given bẏ
Combining (3) and (4) then gives
The first term on the right side corresponds to the energy difference between the refrigerant leaving and entering the two phase section of the evaporator. The second term is the rate of the heat transfer from water to refrigerant. The left side describes the change of energy of the two phase section. From refrigerant data [10] we have
Insertion of (1) in (4) then gives d(ρ l (1 − γ e ) + ρ g γ e )BHl e dP e dP e dt =ṁ e −ṁ comp
Assuming the liquid to be incompressible (7) becomes
with κ = dρg dPe .
C. Superheat section
If the axial conduction is negligible and the heat capacity of the water c pṁwater >> c p,eṁe the superheat T SH becomes
D. Compressor
The piston compressor model is developed from factory given data asṁ
where α c is a function of P e and P c . Assuming P c = P c,ref due to control of the condenser fan the variation of α c is only caused by variation of P e . In the working area for the system this variation is less than 5% and α c is considered as a constant. Equ. (10) in (8) then gives
E. Combined model
with:
F. Control input and measurement
The control inputs are f c andṁ e and the measured values are T SH , P e and T w . From these measurements the relative length x e of the two phase section is obtained by 
G. Model verification
The model parameters to be estimated are (c 1 , c 2 ) and θ = (α c , x δ , c 0 ). A series of experiments giving large signal excitation of the system for different working conditions are performed. Simulation using the model (12) with the same input (ṁ ν , f comp,ref ) as used in the experiment then gives the output (P e , T SH ). The constants c 1 and c 2 are first found by visual fitting of simulated and measured values of the output. Using these values for all experiments θ may now be determined by minimizing the performance function fig. (3) and (4) . It is seen that the model gives a good description of the dominating dynamics of the system when optimized values are used. Fig. (5) shows the simulated output using the estimated mean values. The dynamics are again well described but DC values are badly modelled. This means that the DC value problem needs a special treatment.
IV. NEW CONTROL METHODS
The steady state value of the pressure given by the model 
is proportional toṁ e /α c . In the model verification section the uncertenty of α c was shown. The refrigerant flowṁ e was measured, but in a practical control scheme an estimate ofṁ e has to be used. This means that the gainṁ e /α c may have an error up to 30% of the best guess. Because the measured pressure P e is of good quality a way to overcome this problem is to control the pressure by an PI-controller. The controlleṙ
gives the closed loop for the pressure
The variation in the gainṁ e /α 1 then only influence the time constant τ 0 . The evaporation temperature T e based on the pressure P e may be calculated by
where the linear approximation is valid over a wide range. The resulting cascaded structure shown in fig. (6) thin gives the following model for the relative filling x e and the evaporation temperature
The positive definite Lyapunov function candidate
then has the time derivativė
For a control input P ref
giving U = 0 the time derivative of the Lyapunov function becomesṖ
This function is negative definite for positive k 1 > 0 and k 2 > 0, leading to a stable closed loop system. based on model knowledge. The variation in x e caused by the variation in m e is small due to the small time constant τ 0 for the pressure controller. In the controller c 0 is assumed known leading to a steady state m e equal to the reference. Fig. 9 shows the performance of the new controller for a step change of the compressor speed f c between maximum and minimum. Only a small variation of the superheat temperature is seen even if the superheat reference is as low as 5 degree Celsius. The figure also shows the variation of the cooling capacity. Fig. 10 shows the same experiment for a conventional TXV controller. The disturbance of the superheat temperature due to step in compressor speed is significant compared to fig.  9 and may lead to hunting effects. Fig. 11 shows the startup of both the new controller and the TXV controller. The lower curve in the figure is the new controller and it is seen to obtain the steady state value faster than the TXV controller. This means that pulse width modulation during low load may be more energy efficient with the new controller.
The new backstepping controller
VI. CONCLUSION
A new control strategy is compared to a conventional control strategy based on a thermostatic expansion valve for control of the superheat. A low order model for the highly nonlinear system with compressor speed and refrigerant flow as inputs and superheat as output is derived and verified experimentally. The model has a form where backstepping may be used as a nonlinear design method. The developed method gives a superheat control which is nearly independent of the cooling capacity. The stability of the proposed method is validated theoretically by Lyapunov analysis and experimental results shows the performance of the system for a wide range of operating points.
Compared to other methods no gain scheduling of the superheat controller is necessary to cover a large region of operation. The comparison between this new controller and the conventional TXV controller shows that continuous control is possible for all values of the cooling capacity with the new controller.
